Summary. Extracts from the blue-green alga Anabaena variabilis were prepared by ultrasonic disintegration or by extrusion through a French pressure cell; examination by sucrose density gradient centrifugation and analytical ultracentrifugation indicated the existence of a procaryotic (70S) ribosome. However both the ribosomes and their sub-units were found to be relatively unstable after isolation and examination in tris buffer pH 7.4 but not in 10 -3 ~-sodium phosphate buffer pH 7.0 containing l0 -1 y;~pot~ssium chloride. Experiments with ~.2p and ass isotopes indicated that this instability was associated with She loss of ass labelled material, presumably therefore protein rather than nucleic acid. A comparison of behaviour with that of bacterial ribosomes is presented and the existence of certain similarities to ribosome preparations from chloroplasts of several plant species discussed.
The basic similarity in cellular substructure between blue-green algae and bacteria noted by early workers has been confirmed by more recent electron microscopic evidence (l~Is and SISG~, 1961) . STA~I~ and VAN NI•L (1962) have discussed the criteria by which these organisms may be distinguished from higher algae, plants and animals, and have adopted the terms proearyotie ~r~d e1~caryotic to deseri~ each group respectively. A fundamental characteristic of the procaryotic bacteria and blue-green algae is their lack of membrane bound, functionally specialized, subcellular-organelles such as the mitochondria and chloroplasts (STAgIEr, 1964) . Considerable evidence has shown that eucaryotic ribosomes possess sedimentation coefficients of about 80 S, and bacterial ribosomes of about 70S (see PETEI~MA~N, 1964) . TAYLOR and STOI~CK (1964) have documented this difference in some detail and have observed that ribosomes from the blue-green algae Anabaena cylindrica and Anacystis nidulans possess similar sedimentation coefficients to those obtained from bacteria. Thi~ communication describes the properties of the ribosomes from the blue-green alga Anabaena variabilis, and compares their behaviour and that of their component sub-units, with those from Escherichia coli. Whilst the ribosomes of the blue-green algae examined were of the 7 0 S type, significant differences in sub-unit stability have emerged. A preliminary account of some of this work has been presented (CgAIG and CJag, 1967) .
Methods
Organisms. Anabaena variabilis (Kfitzing) was maintained on agar slopes of the growth medium as previously described (CuR and H~LAW) ~Y, 1965 ) and stored at room temperature on a well lit laboratory shelf. Stock cultures were sealed with parafilm to prevent desiccation. Stocks of Eseherichia coli (NCIB 8114) were grown on nutrient agar and stored at 0 ~ C.
Media and Growth Conditions. The blue-green alga was grown autotrophically on medium C (K~ATZ and MYERS, 1955) supplemented with 0.050/0 (w/v) NattCO a, and gassed with air: CO 2 (95 : 5, v/v). Pyrex fiat bottomed flasks (5 1) were illuminated by 60 watt tungsten bulbs and the temperature maintained at 32--34 ~ C. Smaller quantities (500 ml) were grown under similar conditions on an illuminated shaker.
E. coli was grown aerobically on nutrient broth by agitation at 37 ~ C in a New Brunswick Gyrotory shaker.
Radioactive Labelling o/Ribosomal Material. The bine-green alga was grown on medium C as above supplemented with 1 ~C 32p (as phosphate) per ml. Double labelling was accomplished by additional inclusion of 1.3 ~zC 85S labelled sulphate/ml and the reduction of the non-labelled sulphate contribution to the medium from 0.072 mg/ml to 0.015 mg/m].
Preparation o] Ribosome Containing Extracts. Microorganisms were harvested at room temperature by centrifugation (1500 • g) and the resultant pellet washed once in distilled water and once in 10 -2 M-tris buffer (pH 7.4) containing 10 -2 M-1VlgC12 and then resuspended in the same buffer to a final concentration of 50--100 mg wet weight/ml. DNAase (L. Light & Co., Ltd.) was added to a concentration of 2 [zg/m]. The treatment with DNAase faciliated the resolution of the ribosomal material and did not alter its sedimentational properties. Organisms were disrupted by either treatment for four periods of 45 sec in an MSE 60 watt sonic disintegrator, or by extrusion through a French pressure cell under 10,000 p.s.i. ; in both procedures the temperature was maintained at 0--4 ~ C. DNA degradation was allowed to proceed by incubation of the extracts at room temperature for 15 rain, the cell debris was then removed by centrifuging twice at 15,000 • g for 15 min.
Sucrose Gradient Centri/ugation. Linear sucrose gradients (5--200/0) were prepared in 22 ml 5~SE polythene tubes, which were used in the swinging bucket head of the MSE superspeed "50" ultracentrifuge. The same buffer was used in preparation of the sucrose solutions and the ribosome containing extracts. After centrifugation at 100,000 • g (0--4 ~ C) for the appropriate time, tubes were removed, assembled in an MSE tube piercer, and fractions collected dropwise from the base. Analysis of the contents was carried out by measurement of the optical density at 260 m~ and also by a radioactive assay of 0.1 or 0.2 ml aliquots. From the distribution of ribosomal material on the gradient, the peak fractions were selected and the ribosomes sedimented by centrifugation at 150,000 • g for 1.5 hr. The resultant pellet was dialysed against 1000 • its volume of buffer containing 10 -a ~-MgC] 2, after resuspension in the same solvent. Further sucrose gradient centrffugation at 10 -4 ~-lVfgC12, under similar conditions to those described above, permitted the resolution of the sub-units resulting from ribosomal breakdown.
Radioisotope Assays. Aliquots of material were distributed on planchets and measured in a Nuclear-Chicago gas flow counter to an accuracy of :~3.2~ at an efficiency of 34~ (w.r.t 1~C). No correction for self absorption was required, when less than 1 mg dry weight material was employed. Differentiation between 35S and 3~p in doubled-labelled samples was accomplished by assaying the total counts and then allowing decay to occur for a period greater than the haft life of 32p and then recounting the samples. By application of ~ simultaneous equation relating the decay times of the isotopes, the individual contribution of each isotope to the total counts was calculated. The samples analysed by this method were counted to a 2 sigma confidence level of 20/0 .
A rapid check of the results obtained was accomplished by a procedure involving the insertion of a piece of aluminium foil between the planchet and the gas flow tube. Control experiments determined the percentage reduction in recorded counts as 3o/0 for the hard fi-emission (~P) and 750/0 for soft fl-(35S). The results obtained enabled the data from double-labelled experiments to provide an estimation of the sulphur present in a mixture of the two isotopes.
Analytical Ultracentri/ugation. Cell free extracts prepared as above were subject to a preliminary sucrose gradient centrifugation at 10 -3 ~-MgCI~ to reduce the interference caused by membrane fragments and phycocyanin. After sedimentation of the ribosomal material from the gradient, resuspension in the appropriate buffer and extensive dialysis, preparations were examined by Schlieren optics in a 12 mm optical cell. The Spinco model E analytical ultracentrifuge was run at 39,460 r.p.m. and the bar angle set, as required, between 25 and 60 ~ C. All experiments were conducted at 20 ~ C which enabled a comparison to be drawn between the results obtained and the data recorded by other investigators e.g. TAYLOR and S~ORX (1964) . The movements of peaks on the plates were measured with a travelling microscope and the calculated migration distances were corrected for the multiplication factor of the optical system.
Results

When ribosome extracts prepared after sonic disintegration of
Anabaena variabilis and Escherichla coli were examined by sucrose density gradient centrffugation in 10 -2 •-tris buffer (adjusted to ptt 7.4 with HC1) containing 10 -3 ~-MgC12, a general similarity in the distribution of 260 m~ absorbing material was observed. The broad nature of the peaks, seen clearly in the case of E. coli, indicated the presence of more than one component, ribosome aggregates and possibly sub-units also contributing to the optical density profile. The ribosome preparation from the blue-green alga exhibited a slightly slower overall sedimentation than that from the bacterium, but the resolution of individual components obtained was not sufficient to comment in more detail on the nature of the differences between the two microorganisms (Fig. 1 a) .
More distinct differences were observed in experiments performed after dialysis of ribosome material against tris buffer containing 10 -4 ~-MgC12. In the case of E. coli typical bacterical ribosomal sub-units were observed, whereas material from A. variabili8 gave rise to a major peak, sedimenting between the positions represented by the sub-units of the bacterium, and was therefore arbitrarily designated as the "40S component". Material was also noted sedimenting separately from the main peak at a position equivalent to the slower moving particle of E. coli. The relative positions of the components from both E. coli and A. variabilis are shown (bl ~ig. lb) in which an analysis of a mixed sample applied to the gradient was performed. The optical density 260 m F, predominantly followed the profile exhibited by the bacterial sub-units and the distribution of radioactivity was used to indicate the presence of blue-green algal material. The contribution of the blue-green algal ribosomes to the overall optical density was not more than 15~
Investigation of the ribosomal sedimentation properties was also carried out by analytical ultracentrifugation. When extracts, prepared from organisms disintegrated with a French pressure cell were dialysed 2.0 against 10 -3 M-sodium phosphate buffer pH 7.0 containing 10 -1 ~-KC1 and 10 -2 M-MgC12 and then examined by analytical ultracentrifugation a similar pattern to that obtained for identically prepared E. coli material was observed on analysis of the photographic plates obtained with Schlieren optics (Fig. 2a) . Measurement of the migration distance of the major peak at set time intervals indicated a sedimentation coefficient of 70 at infinite dilution, smaller components were also observed at 50 and about 32 S~0, the latter being incompletely resolved from a broad slow moving peak (22 S~0) representing the accessory biliprotein pigment A fraction comprising photosynthetic lamella fragments was observed to move ahead of the 70S peak. Similarities between A. variabilis and bacterial ribosomes were indicated when preparations were examined in the same buffer system eontainning 10 -a M-MgC12, when major components sedimenting at 51 and 26S~0 were observed (Fig. 2 b) . A small quantitity of material sedimenting at approximately 40 S~0 was also distinguished. Further examination by analytical ultracentrifugation showed that the stability of the ribosome and sub-unit when isolated in sodium phosphate buffer was not altered by the method of cell disintegration.
Extracts prepared from A. variabilis either by ultrasonic treatment or by extrusion through a French pressure cell when examined at 10 -4 MMgC12 concentrations both exhibited the predominant presence of a 50S rather than a "40S component".
It was apparent that contrasting behaviour was exhibited by the ribosomal material of the blue-green alga following analysis by two different procedures. One of the factors considered to be responsible for this phenomenon was the type of buffer system utilized. Accordingly, analytical ultraeentrifugation was conducted in a similar manner to that described above but with iris buffer, as used in sucrose density gradient experiments, substituted for the sodium phosphate. Quite different sedimentation patterns were now observed at 10 -2 and 10 -4 M-MgCI~. Under the former magnesium ion concentrations the greatest proportion of ribosomal material sedimented at 60S20, with adjacent peaks corresponding to 72 and 51 S~0 becoming resolved as the experiment continued (Fig. 2c) . A clearly separated 34S~0 peak was also observed followed by the slower moving fraction of phycocyanin. At the lower concentrations of magnesium ions two peaks at 31 and 39S~0 were observed (Fig. 2 d) .
It would appear that the isolation of the ribonucleoprotein material in 10 -2 M-tris buffer pH 7.4 alters not only the sub-unit sedimentation but also that of the "intact" ribosome as isolated from the blue-green alga (Table) . In order to confirm that the sodium phosphate buffer and KC1 solvent maintains the integrity of the ribosome sub-units, sucrose density gradient centrifugation was performed with this buffer. The expected similarity of the bacterial and blue-green algal profiles was obtained, although in the latter a small shoulder was observed at the position a "40S component" would occupy (Fig. 3) . The nature of the "40 S component" was investigated by preparation of ribosomal material from Anabaena variabilis grown in the presence of 32p and 35S, the former isotope labelling nucleic acid and the latter being incorporated into protein via the sulphur containing amino acids. The ratios of these isotopes, present in the fractions collected after density gradient eentrifugation, were determined and a comparison drawn between the values obtained for the "40 S component" and those of other ribosomal sub-units. The doubly labelled cell suspension was used as the source of two ribosome preparations, differing in the method employed to achieve cell disruption. Aliquots of each, after preliminary dialysis into the appropriate buffer, were centrifuged through sucrose gradients prepared in phosphate or tris buffer systems containing 10 -~ M-MgCI~. Material from non-labelled E. coli was also included to serve as a marker.
Analysis of sonieated preparations in tris buffer demonstrated the absence of a peak equivalent to the fast migrating material of E. coli, the "40S component" that apparently replaced it had a asS/~P counts ratio of 0.55 4-0.05 (mean of two determinations) and the slower sedimenting component had a ratio of 0.72 • 0.10(2). A similar ratio was observed for the "40S component" derived from extracts prepared by extrusion through a French pressure cell. Examination in phosphate buffer, in which the pattern of sub-unit production corresponded closely to that of the bacterium, the counts ratio detected in fractions of the fast moving peak was 0.96 4-1.00(2) and in those of the slower migrating peak 0.90.
Examination of the isotope ratios corresponding to the different ribosomal products resolved by density gradient eentrifugation indicated that the "40S component" when compared with the fast migrating species observed in phosphate buffer systems, from which it would appear to be derived, possessed a lower contribution from a~S labelled material.
A similar conclusion was reached if the comparison was made with the slower migrating peak present on the same gradient as the "40S component", the less significant divergence may be attributed to the overlap of the two species encountered in this system. These results are consistent with the loss of a protein moiety from the larger sub-unit of A.. variabilis ribosomes by preparation and examination in tris, but not in phosphate buffer.
Discussion
The measurement of ribosomal sedimentation coefficients provides a valuable criterion for the eharacterisation of organisms into proearyotic and euearyotic classes; so far as they have been examined the blue-green algae exhibit normal procaryotic behaviour. The results of TAYLOR and STORCK (1964) have been confirmed using both sucrose gradient and analytical ultracentrifuge techniques. The data presented also show that the 70 S ribosome of A. variabilis will, under defined ionic conditions, break down into sub-units comparable to those found in E. coli. However, when ribosomes are examined in tris buffer 10-~M pit 7.4, which is commonly used for ribosome isolation and analysis, the results from E. coli and A. variabilis differ. The blue-green alga showed an instability of its ribosome, this behaviour not being apparent in the bacteria examined. In this environment at 10 -~ M MgC12 preparations exhibited a major peak at 60S20 and other peaks at 72 and 51S~0; sub-units produced at 10 -4 MgCI~ corresponded to 39 and 31S.~ 0. This behaviour would appear to be caused by the loss of a sulphur containing fragment rather than by a configuration change. The double labelling experiment leading to this conclusion was based on the assumption that ribosomal sub-units are essentially free from amounts of non-specifically bound protein and nucleic acid, that would interfere with the isotope ratio calculations. This ready loss of a fraction identifiable as protein, thereby producing particles possessing sedimentation coefficients appreciably lower than anticipated, may prove of value in comparative studies of ribosome function. TAYLOR and STO~CK (1964) report the presence in Anabaena cylindrica and Anacystis nidulans of ribosomes possessing sedimentation coefficients of 71.6S and 69.0S respectively, when isolated in tris buffer 10 2 pH 7.4 containing 10 2 M MgCI~. l~ecent work has indicated that the chloroplast ribosomes may be related to those of procaryotic organisms, both types possessing a common sensitivity to chloramphenicol interaction. ANDERSON and SMELLIE (1966) have shown that labelled chloramphenicol binds to ribosomes of blue-green algae and of Euglena gracilis chloroplasts but not to those of the cytoplasm. LOEMNG and INGLE (1967) have demonstrated similarities between RNA associated with chloroplasts from several green tissues and that of the blue-green alga Oscillatoria, both types being distinct from plant cytoplasmic RNA in their electrophoretic properties. In this context it is of interest to note that chloroplast extracts examined by sucrose gradient centrifugation in tris buffer possessed a protein synthesising ribosomal fraction at a position equivalent to 60S whereas the corresponding cytoplasmic unit was 70S (EIs~N-STADT and BRAWElCMAN~ 1964). A similar result has been obtained with material isolated from pea tissue, sedimentation coefficients of 63 and 76 determined by analytical ultracentrifugation were found for the ribosomes of chloroplast and cytoplasm respectively, (S~ss) ~KIAN et al., 1965) . Extremely unstable ribosomes of an apparently 70S type have been observed in extracts prepared from chloroplasts of Chlamydomonas reinhardi (SAGAR and I-IAMILTON, 1967) . These workers concluded that smaller ribonuclearprotein particles (e.g. 57S) were produced as a result of protein loss from other ribosomal material. Thus the behaviour of chloroplast ribosomes, from several plant species, both in respect to sedimentation coefficients and stability is in many ways similar to that exhibited by ribosomes prepared from A. variabilis.
In 1905 MERESCHKOWSKu suggested that the chloroplasts were the products of an invasion of the cell by unicellular Cyanophyceae.
Interest in this concept has beeen stimulated recently by studies on the autonomous nature of chloroplasts and of their genetic capabilities (see KIRK and TILNEY-BAssETW, 1967) . l%Is and PLAUT (1962) consider that the similarity between the nucieoplasm of chloroplasts and that of blue-green algae and bacteria, strongly supports the suggestion that chloroplasts originated from endosymbiotic Cyanophyceae. The data relating to the nature and properties of blue-green algal ribosomes are entirely consistent with this hypothesis.
